There is an increasing body of evidence that the energy lost from diverted tokamak plasmas due to edge localized mode (ELM) activity may not be confined solely to deposition on divertor components. Plasma-facing surfaces in the main confinement chamber also appear to intercept significant fluxes. Whilst this is of no practical consequence for the operation of present day facilities, concerns are being raised over the possible impact on future devices, in which ELMs carrying higher energies are expected. A key parameter required in this assessment is the energy transported by ions in the ELM as it moves through the scrape-off layer (SOL). This contribution presents the first known direct experimental demonstration that ELM events can convect ions with considerable energies to regions in the far SOL. These measurements, obtained on the JET tokamak with an ion energy analyser probe, are combined with a recently developed SOL transient model to show that the ions can, indeed, reach first limiting surfaces with energies that are a considerable fraction (∼50%) of those found in the H-mode edge pedestal region. This experimenttheory comparison supports a picture of the ELM in which filaments of hot plasma originating in the pedestal region dissipate energy primarily through parallel losses to the divertor targets during their radial propagation across the SOL.
Introduction
With regard to their potential for seriously limiting the operational lifetime of plasma-facing components in ITER and beyond, considerable attention has been rightly focused within the tokamak plasma-wall interaction community on understanding and scaling the timescale and magnitude of edge localized mode (ELM) energy deposition at the divertor targets [1] [2] [3] [4] . Such measurements, notably on the JET and ASDEX Upgrade tokamaks [4, 5] , have demonstrated that increasing Type I ELM energy losses from the pedestal plasma are associated with a larger deficit in the ELM energy recovered at the divertor target plates, implying (since losses by enhanced radiation due to the ELM can only partially account for the deficit [5] ) that some energy is deposited on main chamber surfaces. More recently, direct infra-red thermographic 5 observations of ELM energy deposition outside the divertor have been reported from ASDEX Upgrade, showing that 25% of the plasma energy loss due to Type I ELMs at low density can reach non-divertor components, principally low field side (LFS) limiters [6] .
A number of divertor tokamaks have now also reported direct measurements of ELM driven particle fluxes penetrating deep into the scrape-off layer (SOL) plasma and arriving at main wall surfaces or protection limiters (often at distances exceeding 10 cm outside the magnetic separatrix location). At such large distances, it is common to refer to the far SOL plasma-the region in which, during an H-mode at least, very little of the inter-ELM power flows. The separation between this region and the 'near-SOL' plasma is usually taken to occur some 2-3 λ These far SOL ELM data are invariably gathered with Langmuir probes [8] [9] [10] [11] [12] [13] and/or using visible light emission/D α spectroscopy [14] [15] [16] . Although these measurements can often be made at the high time resolution required for ELM studies, they are usually restricted to single poloidal and toroidal locations or at best to poloidal arrays. They also suffer from the major drawback of containing no information on the particle energies carried within the ELM plasma. Far-SOL electron temperatures, T e , have occasionally been made on the ELM timescale [8, 9] , but experimental estimates of T i , the ELM particle ion temperature, are practically unknown, with the exception of some very early measurements on ASDEX extracted from post-mortem nuclear reaction analysis of plasma exposed surfaces which were able to place a lower limit on the energy of ions reaching the surface [17] .
The ELM instability is thought to originate in the steep H-mode pedestal region. For equal ion and electron temperatures in this region, each species will carry half the ELM expelled energy but, crucially, it is the ions which are responsible for impurity release by physical sputtering. It is, therefore, these ion energies that will determine the extent of any ELM provoked impurity release and ultimately erosion rates for metallic first wall surfaces such as those currently foreseen for ITER [18] .
This contribution takes a step forward in providing some information on the ELM ion energies. Measurements using a retarding field analyser (RFA) probe head reciprocated into the far SOL of JET Type I ELMing H-modes have provided the first direct evidence for ELM convected ions reaching limiter surfaces with significant energies. In isolation, these measurements offer qualitative proof of high ELM plasma temperature, but it is only by combining them with the expectations of a recently developed transient model [19] that a more quantitative statement can be advanced regarding the likely ELM T i .
Experiment
The difficulty of operating edge probes in a tokamak the size of JET always places severe restrictions on the quantity of available data. These new results are no exception and the discussion here will focus essentially on the findings in a single discharge, representative of a series of similar plasma pulses in which RFA measurements were made and found to be reproducible. Following a brief reminder in section 2.1 of the basic RFA function and the operational mode employed to obtain the results presented later in section 3, section 2.2 describes the salient features of this discharge.
RFA principle
Though less frequently used of late, these electrostatic devices have been employed in the past on several tokamaks (see e.g. [20] [21] [22] ). In the context of the tokamak edge, their principal function is to provide an estimate of the SOL ion temperature parallel to the total magnetic field. This is achieved through the application of appropriate bias potentials to fine grids stacked within a protective enclosure into which ions travelling along magnetic field lines are admitted through a small aperture cut into a larger front end plate which intercepts the main SOL ion flux. The principle is illustrated schematically in figure 1 for 'standard' RFA operation utilizing two main retarding grids (one each for ions and electrons), together with a simple representation of the bias potentials (including approximate values) appropriate to the experiments described here. The entrance slit, of width of order of the local Debye length, filters particles from the impinging plasma flux into the device, essentially preserving their initial velocity distributions (following acceleration (ions) and decceleration (electrons)) through the aperture plate sheath. Typically, when ions are the species of interest, a large negative bias (V slit in figure 1 ) is applied to the slit to effect a degree of electron rejection. This also permits the use of the slit plate as an ion flux monitor, acting in effect as a single Langmuir probe collecting the ion saturation current density, j sat . Note that this voltage accelerates ions on the plasma side but then deccelerates them by an equal amount inside the RFA cavity. The ions then encounter the ion retarding grid, to which large, swept positive potentials are usually applied (V 1 ). The following electrode, maintained at negative potential (V 2 ), fulfils the dual role of rejecting any primary electrons passing the sheath (and slit plate potential) barrier, whilst simultaneously reflecting back to the collector (usually at V coll = 0) any secondary electrons produced by ion impact there. All bias voltages are applied with respect to a given ground plane, usually defined (as in the JET case) as the torus potential.
The usual practice of sweeping the ion retarding grid bias (from 0 → V 1 ) yields a collector current-voltage characteristic which is essentially an integral of the parallel ion velocity distribution. In tokamak experiments at least, where the measured collector current beyond an applied grid voltage corresponding to ion acceleration in the sheath electric field is usually found to be closely exponential [21] , the implied Maxwellian (or shifted Maxwellian) velocity distribution permits a straightforward derivation of T i with an appropriate fitting algorithm. Unfortunately, the JET RFA grid voltages cannot be swept on the ELM timescale (nor would this be easy for any such device, even should it not be subject to some of the limitations imposed on the JET probe-see section 3.2), and so a time dependent T i measurement cannot be obtained through the ELM. Instead, the retarding grid potential can be fixed in order to select only ion energies above a given threshold, but on a faster timescale. In this case, if a collector current is detected during an ELM, the ions responsible must have possessed sufficient energy to overcome the potential barrier. Since a single bias potential cannot yield a measured energy distribution and because every ELM is different (as will become evident later), the only practical way to work backwards towards the original ion temperature is to combine a simple model of RFA function with some physics based estimate of the expected parameters characterizing the ELM plasma. The experimentally observed current can then be checked for consistency with this expectation. This will be the approach used here.
The JET RFA is described in considerable detail in [23] . It is bi-directional, simultaneously viewing along the magnetic field towards the inner and outer divertors with the probe head geometry designed such that the slit plates are always oriented perpendicularly to the total magnetic field vector for most JET equilibria. The delicate nature of these devices precludes anything but fast reciprocation into and out of the discharge in a machine the size and power of JET. This is achieved by mounting the probe onto a drive system located at the top, low field side (LFS) of the poloidal cross-section. Figure 2 illustrates this entry point, including the poloidal flux surfaces for JET pulse #63214 at t = 26.5 s, when the RFA data to be presented in section 3 were obtained.
Although the probe can transiently support high power fluxes, RFA function is generally lost, possibly due to internal neutral gas accumulation as the probe head thermally outgasses under high heat flux conditions [23] . This usually prevents reliable operation close to the separatrix in anything but discharges at low power input and certainly during ELMs. However, if the probe reciprocation is limited such that the distance of the closest approach to the separatrix remains large (of the order of a few centimetres), current densities within the RFA cavity and the probe head temperature rise remain relatively low and currents during the ELM may be readily measured. Quite apart from the capacity to measure T i , the bi-directional nature of the JET device automatically provides for standard Mach probe capability using the slit plate apertures as Langmuir probes to yield good data far beyond the point at which measurements inside the RFA cavities are lost due to space charge effects. The probe has been used fairly extensively for this purpose [24] .
When discussing tokamak edge probes with bi-directional capability (and aligned along the total magnetic field), it is common in the literature to adopt the terminology ion-side and electron-side (or i-side, e-side) to denote, respectively, the sides facing the drift direction for positive charges and electrons accelerated by the toroidal electric field. For the Figure 2 . Poloidal cross-section of the JET vacuum vessel showing the MarkIISRP divertor configuration and the probe insertion location at the top LFS. The reconstructed poloidal flux surfaces correspond to JET pulse #63214 at t = 26.5 s, when the RFA probe data which forms the focus of much of the analysis reported here were obtained. discharges discussed here, with toroidal field, B φ , in the clockwise direction looking from the top of the machine, the ion-side of the probe faces in the direction towards the outer divertor, with the electron-side slit looking along field lines into the inner divertor.
RFA Probe

Plasma discharge conditions
Experiments using the JET RFA to investigate ELMs have thus far been extremely limited. Essentially, data are available only for a short series of hydrogen plasmas executed under relatively (for JET) low power conditions with additional heating by hydrogen neutral beam injection (NBI) and ion cyclotron resonance heating (ICRH). An example is shown in figure 3 which compiles the time evolution of several important main discharge parameters.
This reasonably high density pulse (line averaged density, n e ∼ 0.7n GW , with n GW the Greenwald density) has plasma current, I p = 1.2 MA, B φ = 1.2 T, favourable ion B × ∇B drift direction (i.e. downwards), q 95 ∼ 3.1, a hydrogen purity of ∼95%, radiated power fraction of ∼30% and gas dosing of ∼8.5 × 10 21 electrons/s throughout the phase of maximum heating. Operation at relatively low current and magnetic field Figure 3 . Time evolution of relevant parameters for the Type I ELMing H-mode discharge #63214, one of a series of similar hydrogen pulses during which the RFA data discussed here was obtained. Probe reciprocations were centred on the times indicated by the vertical dashed lines. During the first of these times at t = 26.5 s, faster acquisition of the diamagnetic loop allows higher time resolution in the calculation of W dia .
was imposed by the lack of available NBI heating power during the particular campaign in which these shots were executed.
Only through the addition of ∼2 MW of ICRH to the ∼4.5 MW NBI was a Type I ELMing H-mode possible, despite the low I p and B φ . The equilibrium (figure 2) has strike points on the vertical targets of the MarkIISRP divertor and a relatively low clearance of ∼3.5 cm between the outer midplane separatrix and the first limiting surface (determined by the ICRH antenna protection limiters which are clearly visible in figure 2 ). An L-H transition occurs in this example at t ∼ 23.5 s, when the peak ICRH power is attained, followed by a steady Type I ELMing phase of ∼4 s, during which the ELM frequency and energy confinement time (normalized to the ITER IPB98(y, 2) ELMy H-mode scaling [25] ) remain approximately constant at f ELM ∼ 60 Hz and H98Y ∼0.7, respectively. Gas fuelling is interrupted at t = 28 s leading to a fall in density. During this period the ELM frequency increases and the ELM amplitude decreases for a short interval before H-mode confinement is lost at ICRH switch-off (t = 30 s). The vertical dashed lines running throughout figure 3 represent the times at which the RFA probe reciprocations were executed in this particular discharge. The first, at t = 26.5 s, coincides with the period over which the diamagnetic loop output (yielding W dia , the total plasma stored energy) was acquired at a higher frequency (seen clearly in figure 3 ), allowing more accurate characterization during the probe movement of W ELM , the energy lost per ELM. This is illustrated in figure 4, 
RFA response to ELMs
Each probe reciprocation is defined by a starting position and stroke length which together determine the closest approach to the separatrix for any given plasma. A typical full reciprocation requires ∼500 ms to complete and may be followed a minimum of 2 s later by a further plunge.
Complete reciprocation
Data from the RFA for the movement at 26.5 s in discharge #63214 (figure 3) are shown in figure 5 , along with the appropriate intervals from the W dia ( figure 5(b) ) and the H α (figure 5(c)) traces to illustrate the ELM events occurring during the reciprocation. In this particular example, the probe plunge ( figure 5(a) ) carries the probe head to a closest approach, at the probe poloidal location, of r − r sep ∼ 70 mm from the nominal separatrix position, determined from the standard JET EFIT equilibrium reconstruction. The full reciprocation distance of 135 mm (from start of the movement to the point of maximum insertion) requires 250 ms, so that the probe head moves ∼2.7 mm during each ELM. By coincidence, this corresponds to the vertical length of the aperture plate slit (3.0 mm) which defines the minimum possible spatial resolution of the RFA.
Mapping the reciprocation distance envelope along flux surfaces to a horizontal line centred on the outer magnetic midplane gives a flux expansion factor from probe to midplane of 1.9, roughly constant across the probe trajectory. This factor has been used in producing the midplane mapped coordinate in figure 5(a), and midplane mapped distances will be used throughout this paper when referring to the probe position.
The probe-separatrix distance at the closest approach to the separatrix in the example of figure 5(a) is ∼37 mm, nominally outside the ICRH antenna protection limiter radius at the midplane. Were this to be true in real space, there would be important ramifications in terms of interpreting the RFA signals with regard to far SOL ion energies in the framework of the transient model employed here. As will be shown later in section 4.1.2, however, there is strong experimental evidence that at the peak of the reciprocation the RFA entrance slits are in the main SOL and, as a consequence, that there is an uncertainty of ∼1 cm in the separatrix location or absolute probe position (or a combination of both).
In the example in figure 5 , ELM signals appear on the RFA slit plates (figure 5(d)) during a 200 ms interval beginning at 26.45 s when the probe is radially ∼50 mm from the midplane separatrix (corresponding to ∼100 mm at the probe location). Although the inter-ELM envelope of slit saturation current density during the reciprocation can be discerned in figure 5(d) (and will be used later to throw some light on the absolute probe position), the ELMs dominate the plate response, driving as much as j sat = 2.5 A cm −2 near the peak of the reciprocation. This is already ample evidence that the ELM plasmoid can deposit particles at large separatrix distances, where the inter-ELM H-mode background plasma is practically unmeasurable.
Even the relatively coarse resolution of figure 5 suffices to show that individual ELMs on the plate current can be very different, despite apparent similarity in the divertor H α response. Such behaviour has also been seen elsewhere, with recent observations on MAST [11] providing an excellent example. These ELM-to-ELM variations will be discussed in more detail shortly. It should also be noted that the ion-side slit plate (facing the outer divertor) receives the highest current (on average) during any given ELM. This is also generally true, but much less marked during the inter-ELM period. The slit plate voltages, shown in figure 5(e) are only slightly disturbed by the ELM arrival. 
i-side e-side Figure 5 . Time evolution of principle RFA signals during the complete probe reciprocation centred on t = 26.5 s in pulse #63214 (see figure 3 for main plasma signals). The voltages V 1 , V 2 are applied to the ion and electron retarding grids, respectively (see figure 1 ). Signals from the ion-side (facing the outer divertor) always in red, in blue for the electron-side (facing the inner divertor). The probe-separatrix distance in (a) is mapped to the outboard midplane.
Most importantly, strong ELM currents are also seen on the RFA collectors, exceeding i coll = 100 µA near the reciprocation peak. During the inter-ELM period, no collector current is detected at any point in the probe movement. The ion retarding grid bias (V 1 in figure 1 ) is fixed in this case at 390 V (figure 5(g)) and shows clear signs of slight drooping during ELMs for which the highest collector currents are drawn. The electron retarding grid (V 2 , figure 1 ) is fixed at −180 V and, as shown in figure 5(h), remains unperturbed during the ELM events. Since two identical power supplies are used to drive both pairs of retarding grids, this is evidence for high ion fluxes inside the RFA cavities during the ELM, some of which is intercepted by the grids themselves. The latter have an estimated geometric transmission of ∼0.8, but this may be strongly reduced by the application of bias potentials in the presence of charged particles executing Larmor orbits (see [23] ). Unfortunately, hardware restrictions mean that the grid currents themselves were not measured during these experiments.
Whilst the loss of voltage during the ELM does imply that a constant bias cannot be assumed, the reduction is at most only ∼15 V and, although it will be accounted for in the analysis of section 4, it may be considered insignificant in comparison with the applied voltage itself. Attempts to probe regions closer to the separatrix in separate similar discharges were successful in terms of strong ELM collector current signals, but resulted in complete retarding grid voltage drooping (i.e. to zero volts) when the high ion currents were intercepted by the grids. Such strong, transient effects on the local electric fields within the device render the data essentially unuseable.
Returning to the case of figure 5 , the implication, therefore, is that a considerable fraction of the collector current during the ELM is due to ions able to surmount a potential barrier of some 400 V. The latter represents the maximum voltage that could be applied at the time of the experiment-subsequent efforts to increase this to ∼900 V by the provision of modified power supplies were unsuccessful due to the unfortunate catastrophic loss of the RFA probe head itself in a probe drive accident shortly afterwards. This insufficiency of applied positive voltage also prevents an unequivocal demonstration of the absence of fast electrons carried by the ELM. Such electrons would decrease the apparent collector current and, only by providing enough positive bias to ensure that all ions are removed before reaching the collector, could any negative residual current be detected. The lack of perturbation to the electron retarding potential in figure 5(h) is, however, a strong indirect evidence that fast electrons are not present. Further support is provided by independent measurements in the JET far SOL of the fast T e evolution during ELMs (section 3.3 and [8] ), demonstrating the ELM induced local T e rise to be relatively small. It is also worth noting that the absence of any collector current in the inter-ELM period automatically implies that neither ions with energies above ∼400 eV nor electrons with energy above ∼180 eV are present during these periods. Figure 6 compiles four individual ELM events from the probe reciprocation of figure 5, one from the early phase of the movement before currents appear on the slit plates (figure 6(a)) and three more consecutive events in the vicinity of the reciprocation peak (figures 6(b)-(d)). In each case, both the i-side and e-side currents to slit plates and collectors are shown, along with the usual outer divertor H α signature, the diamagnetic energy and the midplane mapped probeseparatrix distance, r − r sep .
Individual ELMs
The collector current spikes in figure 6(a) are synchronous with the ELM H α , but occur in the absence of any slit current. They are typical of the collector current ELM response when the probe is far from the separatrix and notably behind the main far SOL limiting surface (ICRH antenna protection). Within the limited database available, the peak current (∼20 µA) and time evolution of the disturbance are reproducible for positive retarding grid bias, independently of the ELM 'shape', judged albeitly extremely qualitatively by the H α divertor (or midplane) ELM recycling signature.
Although this behaviour is not completely understood, one likely explanation is that it is the result of intense neutral outgassing provoked by the ELM itself when interacting with the vessel walls. The RFA is extremely sensitive to neutral atoms present in the grid cavities where any residual electrons present can lead to ionization and the subsequent appearance of current in the device due to the presence of large potential gradients (the total absolute potential fall between grids V 1 and V 2 is ∼600 V for a grid separation of 2 mm). There is also evidence from a separate discharge, this time in helium plasma, when the ion retarding grid potential was fixed close to 0 V (thus providing for a reduced potential gradient), that the effect is much less marked in the extreme far SOL. Indeed, in this case, even small negative current pulses (∼10 µA) have been seen during the ELMs.
The proximity of poloidally and toroidally localized limiting structures (e.g. mushroom limiters) may be the origin of a punctual neutral source which could provide for sufficient outgassing during the ELM. In this case, the specifically provided outgassing holes in the RFA protective housing (see [23] ), designed rather to allow atoms formed inside the RFA as a result of probe heating during reciprocation to escape, might be acting to facilitate the penetration of externally produced neutrals into the RFA cavities. Helium neutrals would be harder to ionize than D atoms (owing to their higher ionization potential) and this would be consistent with a weaker effect seen in He. It is not clear, however, why the electron side of the RFA is consistently less affected than the side facing the outer divertor, nor why slit currents are not measured during the ELM if local recycling is occurring. A measurement (unfortunately unavailable as mentioned above) of the grid currents would be of considerable assistance in understanding this phenomenon. In the absence of further experimental tests, the assumption will be made here that this effect is absent (or is at least less important) for deeper probe penetration when, as shown in figures 6(b)-(d), the collector currents appear to respond directly to the slit current dynamics during the ELM event. It is also worth noting that the neutral density in the SOL falls rapidly with increasing distance from the limiters, such that any neutral induced effects must decrease in magnitude as the probe reciprocates in.
Acquisition frequencies for the RFA signals are fixed at 20 kHz (the H α signal is acquired at 10 kHz). The individual ELM slit plate currents in figures 6(b)-(d) clearly contain a rich, time dependent, filamentary structure-a feature observed commonly elsewhere when using electrostatic probes in the tokamak SOL [8, [11] [12] [13] and discussed in a little more detail in section 3.3 in the context of these JET observations. By contrast, although some structure is sometimes observed in the H α envelope, the divertor recycling emission is in general not representative of the dynamics observed in the main SOL. Indeed, this would not be expected and these JET data, as elsewhere, provide a striking demonstration of the difference between the direct manifestation of the ELM instability itself in the SOL and its subsequent effects on the divertor plasma. Whilst, for example, fast observations of Type III ELM induced particle fluxes in the TCV divertor do show evidence for some structure [10] , this is not as marked as that generally seen in the main SOL. Nor can the JET H α signal used here be expected to reveal such a structure given that the diagnostic line of sight averages a volumetric process over the entire outer divertor.
Even if the RFA slit plate ion flux time resolution is adequate to discern filamentary structure, it is insufficient for more than qualitative analysis (see section 3.3). The situation is considerably worse for the RFA ion collector currents. The latter are at best of order several 100 µA and must be amplified by electronics located close to the probe drive before being transmitted over ∼100 m of cable to the acquisition hardware [23] . This local amplifier has a transimpedance feedback capacitance defining an upper limit to the amplifier bandwidth of ∼5 kHz (ignoring any effects of a finite (and unknown) source impedance). By coincidence this is close to the approximate frequency of the large filaments seen in the slit plate current, and so it is clear that some of the rapid spikes seen on the plate will be smoothed out in the collector response (figures 6(b)-(d)). As a consequence, the true amplitude of the collector current excursions is not known. Nevertheless, under the assumption that the neutral outgassing effects alluded to earlier at large probe-separatrix distances do not strongly influence the collector signals when ELM currents are observed at the slit plates, the most important feature of figure 6 with regard to the preoccupation of this paper is that the RFA ion collector current does follow in many respects the slit current dynamics. This is strong evidence that the ions collected inside the RFA cavity are indeed representative of those incident on probe external surfaces and, crucially, that if the current comprises principally H + ions then their energies must exceed the retarding potential of ∼400 V. As section 4 will discuss in detail, this energy constitutes the sum of that associated with the original motion parallel to magnetic field lines and that gathered in passing through the RFA aperture plate sheath and presheath fields. But provided the local T e is not too high (during the ELM), a significant fraction of the 400 eV originates in the ELM filament. Figure 6 (b), which shows the first ELM event during this particular reciprocation for which significant slit current is observed, demonstrates that ions with high energies are visible at considerable distances into the SOL plasma (in this case an outer midplane separatrix distance of ∼45 mm, corresponding to ∼86 mm from the separatrix at the probe location).
The consistent tendency seen in figure 6 for the e-side collector to receive less current than that facing the outer divertor during the ELM is an interesting aspect worthy of some discussion here. Such behaviour simply reflects the general tendency, alluded to earlier, for the i-side slit plate currents to exceed those on the e-side during the ELM. This may be very simply explained by the combination of a preferential location for the ELM outflux and the fixed, top LFS position of the RFA. The situation is illustrated very schematically in figure 7 .
A number of experiments have now demonstrated that particles expelled by the ELM enter the SOL over a region localized around the outside midplane in the region of bad magnetic field curvature [3, 10, 14, 16] . Once in the SOL, these particles flow out along field lines towards the divertor targets. In fact, the differing midplane to inner and outer target connection lengths is one method by which the ELM origin near the outside midplane can be inferred using the relative time Highly schematic illustration of the outer midplane localized ELM particle and energy outflux, offering a simple explanation as to why the ion-side RFA electrodes would be expected to see a surplus of current compared with those on the electron side during the ELM.
delay between the ELM induced recycling emission pulses at the two targets [3, 14] . Such differences are also predicted by the transient model used here for comparison with the RFA data [19] .
Transient parallel particle flow towards the inner divertor, and hence onto the i-side RFA slit plate, should therefore be expected during the ELM. Since the ELM instability does not release particles on the inboard side of the plasma, the RFA e-side detectors see a lower transient signal level. This simple explanation for the i-side, e-side ELM plate current asymmetry does not require the inference that the ELM drives strong transient flows-a suggestion advanced in [27] as a possible mechanism for the same asymmetry noted during ELMs on the pins of a dedicated Mach/turbulence probe at JET (some results from which will be presented in a different context in the following section). The further conclusion in [27] that the apparent ELM driven flow transient is evidence for the coupling between radial transport and parallel dynamics would also appear to be incorrect on the basis of the simple picture in figure 7.
ELM filamentary structure
The RFA data in figure 6 illustrate clearly how consecutive, apparently similar ELMs can differ strongly in terms of particle flux dynamics. Nevertheless, the filamentary structure is preserved with reasonable reproducibility from ELM to ELM, at least for the limited dataset analysed here. A closer analysis reveals that on average the individual filaments are separated on a timescale of 150-200 µs, corresponding to only 3-4 data points in the RFA plate current signals. The limited time resolution also prevents anything other than a qualitative statement regarding the filament width, which appears to be on average at most 100 µs, nor, of course, can any fine structure within each filament be discerned. Evidence that such structure does indeed exist inside individual ELM filaments comes from higher frequency measurements which have been performed on JET with a separate, very different probe head dedicated to the study of edge turbulence. This multi-pin turbulent transport probe (TTP) reciprocates into the plasma boundary at the same location in the poloidal cross-section as the RFA, but on a separate probe drive displaced 180
• toroidally [28] . Measurements can be made at up to 500 kHz but, in common with the RFA, data during ELMs are scarce and none are available in conditions matched to those of the discharges discussed in detail here.
An example of the measured ELM ion flux is shown in figure 8(a) , identical to that in figure 6 of [8] but with the j sat values, which are erroneously multiplied by a factor of 100 in the printed paper, corrected. The discharge (#58749) in which this ELM was measured had significantly higher stored energy (factor ∼3), due to higher NBI heating power (∼13 MW) and I p (2.0 MA), but had higher density (factor ∼2) compared with the RFA discharges. As a result, the ELM frequency (∼50 Hz) at the time of the reciprocation in figure 8 was close to that of #63214, although W ELM is unknown at this time due to lack of adequate time resolution on the measurement of W dia . On the basis of ELM power scaling in JET, however, W ELM ∼ 100 kJ would be expected [26] , in the range of a factor of 2 higher than for the RFA discharge.
The TTP j sat data clearly show the same filamentary structure as seen on the RFA slit plate currents with a similar time interval, in the range 200 µs, between the largest filaments. It is also notable that the TTP ELM j sat values are similar in magnitude to those found at the RFA slit; section 4.4 will return to this point. There is a sufficient structure inside each filament and each differs sufficiently from the rest that it is difficult to assign a meaningful filament 'width'. It is beyond the scope of this contribution to make further comment on this substructure, though Endler et al [29] have recently discussed this aspect in more detail (using data from another, older variant of the TTP), in particular with respect to the similarities in the structure of turbulence within the ELM to that seen in inter-ELM periods (i.e. the 'background' turbulence level). One further important aspect of the TTP diagnostic in the context of the RFA measurements is that the probe may also be configured to measure T e on a fast timescale by virtue of a modified triple probe method [28] . Figure 8(b) illustrates how large T e excursions, up to three times the inter-ELM background level, are observed during the ELM, again apparently with a repetitive filamentary structure coinciding temporally with that seen in the j sat time trace.
Even if the precise details of the formation and expulsion into the SOL remain a subject of active research, it is now being increasingly recognized that the structures seen on edge probe diagnostics (and also at divertor targets [30] ) during ELMs are the result of multiple, toroidally separated plasma filaments which, once released into the SOL propagate radially and rotate with the plasma edge. In [11] , the approximate time interval between filaments, t, is used to estimate a toroidal mode number of the instability: n ELM = 2πR mp /(V φ,ped t) with R mp the outer midplane major radius and V φ,ped the toroidal rotation velocity at the H-mode pedestal top. Unavailable in the particular discharge studied here using the RFA, V φ,ped = 79 ± 4 kms −1 has been measured in a very similar pulse (#63220) belonging to the same series. Similar reasoning for MAST data applied to JET (with t ∼ 150 µs) therefore yields rather low n ELM ∼ 2, with large filament toroidal widths of ∼8 m, separated by ∼ 16 m. Such low values of n ELM would clearly not be consistent with the expectation of higher mode numbers from growth rates of the ideal peelingballooning modes thought to be at the origin of the ELM instability and seemingly found, for example, on MAST [11] and ASDEX Upgrade [6, 13, 30] . As for the poloidal velocity (which, if large, would also invalidate this simple estimate of n ELM ), a measurement from pulse #63220 on JET gives V θ,ped = 3.4 ± 1.5 km s −1 and is thus negligible in comparison with V φ,ped .
Implicit in this estimate of n ELM is the assumption that the ELM toroidal velocity remains constant as the ELM propagates outwards [11] . There is currently no information available from JET with which to judge the validity of this assumption, though if the ELMs are born with pedestal toroidal velocities, the RFA and TTP data would indicate that this is no longer the case in the far SOL. Indeed, there is no reason to expect that this should occur-once ejected, the filaments open out into the SOL and are in contact with the (stationary) targets in a region of high neutral density and relatively cold plasma. It should also be noted that separate measurements in JET have shown that for favourable ion B ×∇B drift direction and under ohmic, L-mode and inter-ELM H-mode conditions, parallel flow velocities of ∼6-10 km s −1 are always present in the far SOL in the direction from outer to inner divertors [24] . This is in fact supported by analysis of the inter-ELM j sat ion-electron side plate current ratios in figure 5(d) , though the small values make for substantial data scatter (since the flow Mach number is computed using the logarithmic ratio of the i-side, e-side slit j sat signals [24] ). The toroidal component of this velocity is of the same order (since field line pitch angles are slight), and it is therefore interesting to consider that the high pedestal toroidal rotation velocities, always present throughout the H-mode (i.e. during both ELM and inter-ELM phases), do not appear to be communicated to the far SOL plasma. If the ELM filaments did indeed decelerate to such low velocities near the wall radius, a more appropriate flow speed to assume in estimating toroidal mode numbers would be perhaps as much as a factor 5-10 lower than the measured pedestal values. This would yield n ELM ∼ 10-20, easily within the range seen elsewhere.
Returning to the ELM structure, a final interesting observation from the RFA data in figures 6(b)-(d) is the trend for the collector currents to decrease throughout the ELM duration, punctuated by the filamentary events also seen on the slit plate signals, usually decreasing in amplitude themselves as the ELM progresses. Part of this decrease can sometimes be attributed to that on the slits, but there are often cases in which the slit current continues unabated while the collector current falls sharply. Since the ion retarding potential is fixed, the most obvious explanation for this observation is simply that energy of ions reaching the RFA slits is a decreasing function of time through the ELM. If the ELM can be envisaged as a series of filaments released from toroidally separate locations in the vicinity of the outboard midplane, a filament released toroidally distant from the probe location would take longer to propagate to the probe and might thus have had time to cool sufficiently for the local T i to fall below the point at which a 400 V retarding voltage begins to remove significant numbers of ions from the velocity distribution entering the RFA cavity. Section 4.2 will return to this point in the context of the overall ELM timescales for radial propagation and parallel transport.
Comparison with transient modelling
In presenting these new results, the discussion thus far has frequently emphasized the main drawback of this approach: information on the ion velocity distribution is lost in exchange for time resolution. In fact, as section 2.1 has already hinted, there would be serious practical limitations on any attempt to sweep the retarding grid potential of any RFA on a very fast timescale (high slew rates at high voltage, capacitative effects between parallel electrodes in close proximity, etc). Assuming that such measurements could in fact be made, at least on the gross timescale of the event, the fine structure evident in each ELM (see figure 6 ) also raises the question, in fact, as to how meaningful it is even to assign an 'average' temperature to the ELM. But such an assignation is the best that can be hoped for at the present level of understanding of the propagation and evolution of the instability once released into the SOL. It is the purpose of this section to demonstrate that a simple analytic description of ideal RFA function, in combination with a first order approach to modelling the ELM transient, can provide at least a qualitative consistency check of the observations and at the same time a link between an expected ion temperature and measurements made at a single retarding voltage.
ELM propagation and evolution
As discussed in section 3.3, there is now ample evidence from a number of tokamaks (substantiated by the data reported here) for the ejection, into the SOL, of multiple, toroidally separated filaments which then propagate radially, shedding particles and energy along the way through both parallel and perpendicular transport processes. With regard to the RFA data, a model is required capable of estimating the local plasma temperatures (both T i and T e ) within the ELM transient as it sweeps past the probe. Just such an approach has recently been formulated [19] in the context of a radially propagating filament subject primarily to parallel losses, where the latter are determined by sheath boundary conditions at limiter or divertor target surfaces. This new treatment is applicable to any transient situation in which the energy is lost mainly by parallel transport and provides simplified solutions for both kinetic and fluid situations. The kinetic model has demonstrably captured many of the important features of the results found with numerical simulations of the coupled Fokker-PlanckPoisson equation system but at a fraction of the computational cost of such simulations. Likewise, the fluid approach, despite its simplicity, reproduces the key results of the kinetic model and has the advantage of including collisional effects, which become important as the ELM plasma filament cools during its transit across the SOL. As will shortly become evident, it is this fluid description which is the most appropriate approximation given the plasma conditions in which the RFA data reported here have been obtained. Assuming that the ELM plasmoid as seen in the SOL originates as an instability localized somewhere in the pedestal region, τ n,0 must be evaluated for parameters in this vicinity. Figure 9 compiles the available midplane mapped pedestal data for discharge #63214, shown in all cases for the period t = 25-28 s when the ELM frequency is approximately stable (see figure 3 ) and in which error bars on the data points have been excluded for clarity. Edge charge exchange recombination spectroscopy (CXRS) provides pedestal T i profiles, the lithium beam diagnostic n e profiles and, though scattered, data from the JET edge, and core LIDAR Thomson scattering systems contribute the only useful T e information given the low B φ of this pulse, which excludes the use of the ECE system.
Pedestal parameters. Independently of the approach
Physics based regularization of noisy experimental profiles using the EDGE2D-NIMBUS code package has in the past been applied successfully to JET pedestal data to yield best fit, inter-ELM T i , T e and n e profiles from data obtained in specifically designed experiments [31] . Figure 1 of [31] , in fact, provides a useful reference as to the physical location in the poloidal cross-section of the JET edge profile diagnostics used here. This fitting approach suggests optimum values for the radial shifts that must be applied to profiles from the various diagnostic systems, but no such attempt has been made here since the data quality is insufficiently high for it to be possible with any precision. The edge LIDAR position setting was unfortunately such that the top of the pedestal is not captured for the RFA discharge (some radial outward shift of the data is even required), but the CXRS data allow both a T i pedestal height of T i,ped ∼ 400 eV and a width in the range 30-50 mm to be identified. Regarding the density pedestal, the Li-beam data indicate a pedestal top at n e,ped = 2.5-3.0 × 10 19 m −3 . This is supported approximately by the noisy core LIDAR points and is consistent with the single point estimates from the LFS edge channel of the FIR interferometer located ∼100 mm inside the nominal separatrix position (and thus just inside the T i pedestal radius). Though the detailed shape of the T e pedestal cannot be deduced from figure 9 , the available data are broadly consistent with T e ∼ T i .
Assuming T i,ped = T e,ped ∼ 400 eV and n e,ped ∼ [3] .
Although the ELM instability clearly originates in the pedestal region, it is still far from clear at precisely which location, or by which mechanism, the plasma filaments observed in the SOL are produced. Magnetic reconnection may occur, by which a path for parallel loss to the targets from the closed flux surfaces in the pedestal may be opened. Such a process has been proposed as an explanation for strike point jumps which are sometimes observed in JET during ELMs [32] . Recent 3D BOUT code simulations have seen radially extended, toroidally localized filamentary structures bursting into the SOL from the pedestal region following the fast growth of high n modes there [33] . Although this implies that filament parallel losses would begin rather in the separatrix region, it is still not clear that the plasma ejected in this way would be characterized by temperatures and densities at the separatrix itself. For the purposes of the present comparison, it will be assumed that 'average' pedestal values apply to the ELM filaments at the point of creation and, thus, that T e,0 = T i,0 = 300 eV and n e,0 = 1.5 × 10 19 m −3 represent parameters intermediate between those at the separatrix and the pedestal top. At these values, ν * e ∼ 0.5, similar to its value at the pedestal top and is sufficiently high to justify the use of the fluid description option in the transient model.
ELM propagation time.
Having defined an approximate transit time (τ n,0 ) for normalization, it now remains to estimate the time from the beginning of parallel losses (assumed at t = 0) to the first contact of the ELM plasmoid with the RFA. There are two further unknowns here, the first being the radial velocity of the ELM propagation and the second the distance separating the probe and the origin of the instability. Both will introduce uncertainty into the final confrontation of the model with experimental RFA ion currents.
Addressing first the question of the spatial coordinate, figure 10 presents an estimate of the far SOL electron density profiles extracted from the RFA aperture plate slit currents during four separate probe reciprocations, two each in two reasonably similar discharges, the first of which (#63214) has been the principal concern of this paper. In the second (pulse #63212), the probe was driven ∼20 mm further in towards the nominal separatrix position. As mentioned previously in section 3.1, this deeper movement yielded much larger RFA ion currents during the ELMs, leading to strong retarding grid voltage droop, but still provides useful plate currents. To produce figure 10, data during ELMs have been excluded and the density has been estimated from the usual isothermal fluid theory result applied to a Langmuir probe in a strongly magnetized plasma [34] : where j sat is the average of j sat,i and j sat,e , the saturation currents to the ion and electron-side plates, respectively, and where T i = T e = 10 eV has been assumed in the calculation of c s . Since the far SOL T e is not measured in this case, a characteristic value of 10 eV has been adopted as a representative value frequently measured on JET in both L and inter-ELM H-mode plasmas (see, e.g. figure 9 in [24] and figure 8(b) ). A Gaussian smooth over 400 ms has been applied to the data to improve clarity.
Inspection of the equilibrium reconstructions from these two discharges shows that the ICRH antenna leading edge (the closest limiting surface in the main chamber on the LFS-see figure 2 ) is ∼27 mm from the separatrix at the outside midplane for pulse #63212 and a further 10 mm distant, at ∼37 mm for #63214 (in both cases measured at the time of the probe reciprocations). Although there is considerable scatter, a clear break in the mapped profile gradient is seen in the region of n e = (6-10)×10 16 m −3 in each of the two groups of smoothed density profiles. These profiles have similar form but with a relative shift in midplane coordinates of ∼10-15 mm. The shift is due to slight differences in the plasma shape between the two discharges, which, although magnetically equivalent with respect to the requested plasma shape, have different stored energies (W dia in #63212 is ∼20% higher than in #63214). The resulting slightly higher elongation in #63212 combined with the poloidal shape of the antenna limiter means both that field lines first intersect the limiter at shorter distances from the midplane separatrix in #63212 and that the midplane separatrix is ∼10 mm further away from the limiter in #63214. These two geometrical effects combine to produce a net shift in the density profile break of the amount seen in figure 10 . The additional absolute difference of ∼10 mm between the expected antenna-separatrix midplane distance occurring on both profiles implies a systematic error in the probe spatial position or in the equilibrium reconstruction, or both.
This break may thus be identified with the true position of the limiter leading edge-beyond this radius the rapid decrease in parallel connection length compared with the situation pertaining in the main SOL results in a strong local particle sink and a steep change in the density gradient. The important conclusion to be drawn from these profiles is, therefore, that the probe penetration in #63214 is indeed sufficient for the RFA slits to be located in the main SOL (albeit the far SOL) over a short distance around the peak of the reciprocation. This means that ELMs captured by the probe within this interval will still be propagating in the main SOL and will not yet have intersected the limiter. This is important in the context of the transient modelling, the results of which are strongly dependent on L . Apart from a sharp increase very close to the separatrix (where L → ∞), the latter remains relatively constant across the SOL width.
Turning to the principal quantity of interest, the total radial propagation distance of the ELM plasmoid from the point of origin to the first intersection with the RFA, a further distance corresponding to the location at which the ELM filaments are born must be added to the 30-40 mm separating the probe near the reciprocation peak and the separatrix in pulse #63214. As discussed in section 4.1.1 above, this birth location is of course unknown, but could in principle be any point from the pre-ELM separatrix position inwards towards the pedestal top. Consistent with the assumption of mid-pedestal values for the initial filament temperature and accepting that error is inevitable here, a further 40 mm (the approximate pedestal width from figure 10) will be assumed as maximum additional propagation distance within the pedestal. This yields a radial range of 40-80 mm for the total outer midplane distance over which the ELM is expected to travel.
To convert this radial span to a time over which particle and energy loss occurs requires knowledge of the ELM propagation speed. Here, the RFA data cannot be of any assistance. Recourse must be made to previous, separate studies on JET in which this quantity has been directly measured or indirectly inferred from measurements. Experiments using the TTP probe, already referred to briefly in section 3.3, have directly measured effective radial ELM velocities (defined in terms of a radial E × B turbulent transport flux normalized to the local density) in the range v ELM r = 0.05-1.0 km s −1 , depending on the location in the SOL and the ELM frequency [8, 27] . Similar measurements on the DIII-D tokamak found v ELM r = 0.5-1.15 km s −1 , with the lowest values found in the far SOL as for JET [9] .
A detailed study on JET invoking statistical analysis of time delays between ELM peaks on D α emission and currents registered on Langmuir probes embedded in the ICRH antenna protection limiters found v ELM r ∼ 0.9 km s −1 in the limiter shadow with the average radial propagation velocity in the SOL in the range 0.45-0.75 km s −1 [35] . In this case, the measurements were made in deuterium plasmas under somewhat higher power conditions than those described here (I p = 2.5 MA, B φ = 2.4 T, 9-15 MW of NBI heating power) and for lower Type I ELM frequencies (f ELM ∼ 20 Hz compared with the ∼60 Hz for #63214 in figure 3 ). Typical average (in the sense used above in section 4.1.1) pedestal temperatures in these higher power discharges were T i,0 = T e,0 ∼ 750 eV (to be compared with ∼300 eV found in figure 9 for #63214). Since the ELM radial velocity is expected to scale linearly with c s [35] and hence v ELM r ∝ (T /m i ) 1/2 , the velocity at higher power in D might reasonably be thought to decrease by a factor of only (300 × 2/750) 1/2 ∼ 0.9 for lower power in H, if any additional scaling with I p , B φ , f ELM etc is ignored. The average value, v ELM r ∼ 0.6 km s −1 , of the range found experimentally in JET will thus be taken as a representative estimate for the ELM velocity in the far SOL during these RFA experiments. We expect this estimate to be associated with an error bar of at least ±0.2 km s −1 . Before introducing the transient modelling, a note of clarification is required regarding timescales and filament evolution. As discussed in section 3.3 and evident in figures 6 and 8, the ELM is seen by probes in the SOL as a wavetrain of events, interpreted as being due to the release, by the instability, of multiple, toroidally separated filaments. Since the ELM itself is observed to occur on the RFA plate ion currents over a timescale of ∼2 ms, one may justifiably enquire how this can be so given that the radial propagation speed assumed above of ∼0.6 km s −1 would drive the individual filaments over the distance of ∼40 mm to the ICRH antenna radius in less than 100 µs. One plausible explanation for this discrepancy may be offered by the observation that each individual filament propagates radially in a dispersive fashion with a sharp front and an extended trailing wake which moves ever more slowly with increasing radius. It is this sharp front which is assumed to travel with the v ELM r estimated on the basis of earlier measurements in JET and to which the transient model calculations apply.
The existence of both a filament front and a trailing wake is predicted by numerical simulations based on a curvature driven, electrostatic model of edge plasma dynamics [36] . In fact, the simulations predict that an individual filament would disperse into ever smaller structures as it propagates radiallya situation completely analogous to the break up of vortices in incompressible, two-dimensional turbulence. Much of the fine structure observed experimentally within each filament (see figure 8 ) is very likely due to this dispersal in the wake of the filament leading edge. The fact that the duration of the ELM as measured at the probe is significantly longer (by as much as a factor of 10) than the timescale over which the pedestal plasma collapses (typically ∼200-300 µs on JET [3] ) indicates that the wake is in fact a remnant of the MHD phase of the ELM and not a continuous creation of fresh filaments propagating at the assumed front velocity.
Evolution of ELM filament parameters
Armed with the conclusions reached in the preceeding section, the transient model may now be used to estimate the expected ELM filament parameters at the point of first contact with the RFA. For T e,0 = T i,0 = 300 eV and using L = 30 m as the radially averaged midplane to the outer target connection length computed for discharge #63214 during the steady ELMing phase, the characteristic parallel loss time τ n,0 = 125 µs. With δ RFA = 40-80 mm (the radial range over which the ELM filament is assumed to propagate with velocity v ELM r = 0.6 km s −1 ), the range of filament propagation times is t = δ RFA /v ELM r = 66-132 µs, giving a normalized radial transit time range for the model of t/τ n,0 = 0.53-1.06.
The transient model (the details of which may be found in [19] ) solves the system of dynamical (i.e. time varying) particle and energy two-fluid conservation equations in the frame of reference moving with any particular filament in the ELM and in which averaging is performed in the perpendicular (i.e. radial and diamagnetic) directions. Quasi-neutrality is assumed at all times (and thus only the particle masses and not their charges influence the parallel dynamics), parallel gradients are approximated by the inverse connection length, sources are ignored to maximize the transient response and the average particle and energy densities are reduced only by parallel losses. The resulting set of zero-dimensional model equations is written in terms of characteristic particle and energy loss times and recast in a dimensionless form by normalizing to t n,0 .
In the case of energy loss, parallel heat conductivities must be defined and are included in the form of harmonic averaged heat flux limited expressions cast in terms of flux limiting factors determining the ratio of the actual to the freestreaming heat flux. The particle loss time is defined in terms of the parallel Mach number, M, of the fluid flow (normalized to c s ). Setting M = 1 (so that the Bohm criterion is imposed at all times), the heat flux limiting factors are allowed to vary through the transient but are initially fixed such that the sheath heat transmission coefficients for electrons (γ e ) and ions (γ i ) assume their steady state sheath-limited (i.e. low collisionality) values at the onset of parallel losses (γ e = 5 and γ i = 3.5 [34] ).
A delayed response in the transient losses, observed in the kinetic modelling and corresponding approximately to a single transit time to the nearest solid surface, can be introduced into the fluid model in an ad hoc manner by switching on the Bohm criterion some time after the transient onset. This has not been performed here, with the result that the ion losses will be overestimated in the initial phase of the transient and, thus, that the predicted ELM T i in the far SOL will be slightly underestimated.
The results of the application of this model (the normalized equations of which must be solved numerically) to the case studied here are shown in figure 11 , where the evolution of T i , T e ( figure 11(a) ), the ratio T i /T e ( figure 11(b) ) and n e ( figure 11(c) ) are expressed in terms of t/τ n,0 . The shaded area encloses the interval t/τ n,0 = 0.53-1.06 and represents the range of possible values of the ELM filament parameters resulting from uncertain knowledge of δ RFA . Also included for comparative purposes is the transient evolution for the upper limit case when T i,0 , T e,0 and n e,0 are fixed at the values corresponding to the pedestal top. The variation of T i /T e with τ n,0 is essentially identical in both cases.
An immediately obvious and, in the context of this paper, important feature of figure 11(a) is the faster decay of T e compared with T i , leading to the initial monotonic increase of T i /T e which peaks at a value of ∼2.4 in the region of τ n,0 = 1 (i.e. one transit time), thereafter beginning a slow decrease. The ions thus remain hotter than the electrons throughout the SOL in this case, reflecting the intuitive expectation that the greater electron mobility (due to the lower mass) more rapidly removes the energy from the electron fluid than is the case for the ions. Once T e has fallen below a given threshold, in this case T e ∼ 50 eV, T i and T e begin to converge as a result of collisional relaxation. Figure 11 also demonstrates that for this particular combination of pedestal parameters, T i (factor 3) decays faster than n e (factor 2) over the first transit time, and the filament thus cools more rapidly than it dilutes. A more detailed discussion of the balance between collisional and transport times and how this affects the parameter evolution may be found in [19] . The general finding of a faster decay of T e compared with T i leading to rather low values of the ELM plasma T e in the far SOL is entirely consistent with the results of fast electron temperature measurements made in JET with the TTP probe ( figure 8(b) ). The transient model is not applied here to the discharge from which the data of figure 8 were obtained, but the observation of peak T e values during the ELM in the range ∼30 eV on a pre-ELM background of ∼10 eV confirms that electrons in the far SOL ELM filament have cooled to values approximately one order of magnitude below the initial pedestal temperature. Similar recent experiments in the DIII-D tokamak have also found similar trends [12] -a decrease in the peak ELM T e for a discharge with parameters similar to #63214 from ∼300 to ∼25 eV over a distance of ∼45 mm in the SOL.
On the basis of the results in figure 11 , as the ELM filaments reach the RFA, they might be expected to do so with T i , T e and n e , respectively, in the approximate range 150-100 eV, 75-40 eV and 1.0-0.75 × 10 19 m −3 . It now remains to verify if these parameters are consistent with the RFA data presented in figures 5 and 6. The final step before this can be performed is to establish a simple model of the RFA probe function.
RFA model
Assuming that the ELM plasma parallel ion velocity distribution is Maxwellian (which is, of course, implicit when modelling the parallel losses with a fluid approach), the ideal RFA collector current when in the ion retarding mode obeys the following expression [20] : (2) if V g > V ps + V s , where V g is the retarding grid voltage (V 1 in figure 1 ) and (V ps + V s ) is the total potential difference between the plasma and the slit plate (comprising the presheath, V ps , and sheath, V s , potential falls). In equation (2), A slit is the area of the slit through which particles enter the RFA (∼2.5 mm × 40 µm) and RFA is the total device transmission for ions. The expression further assumes that no plasma electrons reach the collector and is valid for singly charged ions (so that only H + ions are assumed to penetrate the device and any impurity fluxes are ignored).
Although RFA can in principle be computed analytically as the product of the individual transmissions of the entrance slit and retarding grids, in practice such calculations are imprecise and are a sensitive function of the ion energy distribution [23] . In the absence of a full numerical model of the device, self-consistently including the distributions of charge density, particle velocity and slit/grid geometry, RFA is best estimated experimentally. This is usually a straightfoward matter of measuring the ratio i coll /A slit j sat but is unfortunately not possible in these ELMing H-mode discharges when the probe reciprocates only into the far SOL. Bandwidth limitations (section 3.2) on the measurement of i coll prevent an experimental measurement of the transmission on the ELM timescale, whilst the use of the inter-ELM period is compromised by the extremely low (essentially zero) collector currents during these phases (see, e.g. the individual ELMs in figure 6 ). The only recourse is to use previously measured values in ohmic and L-mode discharges [23] , recognizing that such values are likely to represent a lower limit on RFA since it is known that fine aperture slits selectively transmit higher ion energies (which are carried by the ELM) due to the helical ion motion in the tokamak magnetic field [20] . To partially account for this, RFA = 0.4 will be used here, corresponding to more than twice the experimental transmission reported in [23] for a probe reciprocation up to the separatrix in an ohmic discharge where T i ∼ 50 eV was measured with the RFA. For comparison, RFA = 0.66 would be estimated on the basis of geometrical transmission alone for the JET device but can never be even closely achieved in practice owing to magnetized ion trajectories and electric field effects in the grid vicinities [23] .
With regard to the remaining unknowns in equation (2) (V ps and V s ), the RFA normally has the great advantage of actually recording both T i and (V ps + V s ) simultaneously. However, the absence of a voltage sweep on the ELM timescale prevents such a measurement. Instead, the total potential fall can be estimated from the standard sheath theory result for V s coupled with a further ∼0.5T e contribution from the presheath [34] :
valid for singly charged ions and in which any secondary electron emission and ion and electron reflection from the slit plates have been neglected. Figure 12 summarizes the development in the preceding sections by comparing the experimentally observed and theoretically predicted ion collector currents for a single ELM (the last of the 4 events already appearing in figure 6 ) registered by the RFA near the peak of the reciprocation at 26.5 s in pulse #63214. The latter are computed using the results of the transient modelling to supply the experimentally unknown values of the ELM filament parameters. According to the argument compiled in figure 10 , selecting an ELM near the reciprocation peak guarantees that the probe sensors are inside the ICRH antenna protection limiter and are thus located in the main SOL. Were this not the case, the transient modelling would have to be repeated to account for the much lower L pertaining to the limiter shadow, leading to strongly reduced ELM fluxes. This can be performed in a two stage process by which the predicted ELM plasma parameters at the nominal limiter radius are used as the starting values for a second transient calculation. It has not been attempted here due to the low ELM currents measured outside the limiter radius ( figure 5) where, in addition, the spurious pick-up observed on the collectors during ELMs (section 3.2) renders data interpretation difficult.
Experiment versus theory
Recalling the simple argument presented in section 3.2 (figure 7) regarding the tendency for the ELM filament to preferentially deposit more particles on the probe electrodes facing the outer divertor, it is the ion-side collector current which has been used for the experiment model comparison. Using the ion-side slit current density ( figure 12(a) ), the expected upper and lower limits to the current have been calculated using equations (2) and (3) with T i , T e and n e corresponding to the two extremes of the shaded area in figure 11 at which t/τ n,0 = 0.53 and 1.06. The results, along with the measured collector current, are shown in figure 12(c) . used in equation (2) to compute the RFA current, thereby accounting for the small voltage droop during the ELM. The agreement is clearly satisfactory, with the experiment bounded by the chosen upper and lower theoretical limits and generally closer to the upper limit, corresponding to the adopted lower limit on the ELM propagation distance (40 mm). It should also be recalled from section 3.2 that the experimental collector current is bandwidth limited and so the measured peak current excursions during the ELM will be higher in reality. Figure 13 gives an indication of the sensitivity to the choice of v ELM r by comparing the experimental ion-side collector current in figure 12(c) for δ RFA = 40 mm ( figure 13(a) ) and 80 mm ( figure 13(b) Figure 11 shows that the assumption of higher starting values will not modify the calculated current significantly for the specified range of δ RFA and v ELM r fixed as before. Taking T i,ped = T e,ped = 400 eV and with v ELM r = 0.6 km s −1 yields τ n,0 = 108 µs and t/τ n,0 = 0.61-1.22 which brings the two sets of time evolutions into reasonably close proximity and will hence produce similar calculated collector currents. If, instead, the ELM filaments are assumed to be released into the SOL with plasma parameters characteristic of the separatrix (i.e. T i,0 = T e,0 = 200 eV) then τ n,0 = 153 µs (compared with 125 µs for the mid-pedestal case) and, for a distance of 40 mm (the approximate RFAseparatrix separation), the normalized propagation time for v ELM r = 0.6 km s −1 is t/τ n,0 = 0.44. This yields T i = 171 eV, T e = 86 eV at the RFA and would correspond to a predicted collector current ∼50% higher than the largest amplitude curve in figure 12(c) (representing the expected current for a filament beginning at the separatrix with mid-pedestal initial values, for which T i = 153 eV, T e = 76 eV when the filament arrives at the RFA). As with the case of the variation in v ELM r illustrated in figure 13 , even this somewhat higher value must be considered also compatible with experimental uncertainty. As such, the limited dataset presented here cannot be used to determine the precise location at which the filaments originate.
The model results may also be applied to estimate the expected ion saturation current density at the probe slits using equation (1) in section 4.1.2. For the standard set of assumptions used thus far, this yields the range j sat = 12-9 A cm −2 . This should be compared with the peak values of the ion-side slit current density in figure 12 (a) of up to 2.5 A cm −2 . This is apparently poor agreement at first sight, but much of the discrepancy originates from the RFA design and is understood.
The slit plates are recessed in the protective boron nitride probe end cap and lie effectively at the end of a short 'tunnel'. It turns out that the tunnel is of the right dimension to produce a strong attenuation of the incoming ion flux via a process in which a strong radial electric field arises due to ion cross-field transport towards the side walls. The strength of this 'tunnel effect' [37] has been estimated for the JET RFA by dedicated numerical particle-in-cell simulations which find factors of 4-5 for the current attenuation [38] . Applying this factor increases the peak RFA ELM slit current to values in the range 10-12. losses and provides estimates for plasma parameters which are integrals over each separate filament constituting the ELM and not the peak values of each filament. Assuming negligible parallel losses and computing the Green's function response of the dynamical equations to a delta function impulse which broadens due to perpendicular diffusion out of the filament and reduces the peak value, the evolution of the peak value itself can be estimated within the model framework. This is considered in some detail in [19] in the context of these RFA results, discussing also the decrease in the filament temperature in the presence of isothermal or adiabatic losses. Concerning the density decrease, estimates for the case of figure 12 (i.e. for normalized times t/τ n,0 in the approximate range 0.5-1.0) yield an expected peak reduction due to this broadening of no more than a factor of two. The predicted range of j sat (12-9 A cm −2 ) may thus become as little as 6-4.5 A cm −2 but would still remain in good agreement with the experimentally observed values. It is also worth noting again that the ELM particle fluxes measured by the TTP probe at comparable probe-separatrix distances ( figure 8(a) ) are of the same order, but higher, as those seen at the RFA, though the discharges in which each is measured are too different for a quantitative comparison. Whilst the TTP sensors (cylindrical pins) do not suffer from the tunnel effect, there may be additional uncertainties linked to the effective collection area and ion Larmor orbits (see [24] for a more detailed RFA/TTP comparison under L-mode conditions).
Summary and concluding remarks
This paper has attempted to show, albeit for a restricted operating range, that in a JET Type I ELMing H-mode, ELM plasma filaments can propagate far into the SOL plasma and indeed reach first limiting surfaces, carrying with them ions with considerable energies. For experimentally estimated 'average' pedestal parameters with T i,ped = T e,ped = 300 eV and n e,ped = 2.5 × 10 19 m −3 and assuming an ELM radial velocity based on appropriately scaled previous measurements in JET, ELM plasma filaments have been detected by an ion energy analyser probe at, or near the outer midplane mapped limiter radius, which may be characterized by T i , T e and n e , respectively, in the range 150-100 eV, 75-40 eV and (1.0-0.75) × 10 19 m −3 . These estimates are obtained by comparison of the experimental data with the predictions of a newly developed transient model describing the loss of particles and energy by parallel transport out of the ELM plasmoid towards the divertor targets.
Taking into account the uncertainties in the key parameters required to constrain the transient modelling, the level of agreement between the model and the experiment presented here is consistent with a picture of the ELM as a composite of a number of smaller filaments of plasma, originating somewhere within the H-mode pedestal region and propagating radially at a small fraction of the pedestal sound speed whilst dissipating energy through (mostly) parallel losses to the target plate sheaths. Such filaments appear to be common to any experiment which has attempted to study the ELM fine structure, but it cannot yet be considered understood precisely how or where (with respect to the pedestal) the ELM instability develops into the structures that are observed further out in the SOL.
Concerning the implications for elevated ELM interaction with main chamber surfaces, observations on ASDEX Upgrade [6] , DIII-D [12] and estimates from JET [35] show that the ELM deposited energy flux represents only a small fraction of the total plasma energy throughput, but that the ELMs are responsible for much of the energy which does arrive at non-divertor surfaces. In ITER, with T ped ∼ 4 keV and W ELM ∼ 30 MJ in the reference Q DT = 10, Type I ELMing H-mode [3] , even a small fraction of W ped reaching the wall is likely to cause severe problems on the (currently envisaged) beryllium first wall. Quite apart from these energy loads, it should be noted that the peak of the normal incidence physical sputtering yield for D + ions on a Be substrate occurs for ion energies in the region of ∼200 eV [39] . For a Maxwellian ion velocity distribution, the peak yields occur at still lower energies (or 'effective ion temperatures') and the erosion yields increase for grazing incidence. On the basis of these JET results alone, it would thus seem clear that far SOL ELM ion energies in ITER will largely exceed those necessary for significant Be sputtering. Nevertheless, the relatively low ITER duty cycle (∼0.1) means that divertor target ablation due to ELMs remains the primary concern [40] .
The encouraging consistency found here between the transient model and experiment provides greater confidence in using the simplified analysis for extrapolation to the next step. This is particularly interesting in the case that high Z materials (such as tungsten) were to be considered for main chamber limiters in ITER. Just such an extrapolation has been attempted in [19] , using the fluid approach with average pedestal parameters (as in the analysis here), a scaling based on the ELM propagation model in [35] and the same assumption as that employed in section 4.1.2 regarding ELM propagation distance. The result is a peak value of T i at the ITER limiter radius during Type I ELMs in the range ∼400-250 eV with a possible increase of a factor of 2 on all estimates if kinetic effects are included to describe the transition between the initially collisionless filament at formation to a more collisional state upon arrival at the limiter. For T e , the model predicts a range 200-100 eV.
Ions arriving at wall surfaces will do so with an impact energy given by the sum of the Maxwellian transported energy of 2T i per particle and that gained by acceleration through the wall sheath (∼3Z i T e ). Assuming a fluid treatment only and Z i = 1, Type I ELMs could therefore convect ions to the ITER limiters with energies in the range 1400-800 eV. Since the threshold for deuteron and triton physical sputtering of W is ∼200 eV [40] , the implication is that Type I ELMs, as they are currently thought to scale with machine size, could provide a non-negligible source of plasma impurity contamination in ITER with tungsten main wall limiter components and possibly severe wall erosion in future power plants with high Z walls.
